Background {#Sec1}
==========

Epstein-Barr virus, a member of the γ-herpesviruses, infects most of the human population worldwide \[[@CR1]\]. It plays a causative role in infectious mononucleosis, hairy leukoplakia, and post-transplant lymphoproliferative disorder \[[@CR1]\] and is highly associated with several human malignancies, including Burkitt's lymphoma (BL) and nasopharyngeal carcinoma (NPC). EBV mainly infects human circulating B cells and is maintained in a latent state. Upon stimulation by chemical agents, e.g. 12-o-tetradecanoyl-phorbol-1,3-acetate (TPA) and sodium butyrate (SB), human IgG or cytokines, EBV enters the lytic stage. It sequentially expresses immediate early (IE), early (E) and late (L) proteins and, eventually, mature virions are released \[[@CR1]\].

In the recent decade, increasing evidence has suggested that EBV lytic reactivation plays an important role in various human malignancies. In seroepidemiological studies, elevation of antibody titers against EBV lytic proteins in NPC and BL patients has suggested that EBV reactivation is highly correlated with cancer progression, poor prognosis and tumor recurrence of NPC \[[@CR2]--[@CR4]\]. Retrospective studies revealed that NPC patients have elevated antibody titers against EBV lytic antigens prior to diagnosis and prospective surveys have revealed that individuals with elevated antibody titers have a higher incidence of NPC \[[@CR5]--[@CR7]\]. Moreover, the proteins and mRNAs of EBV lytic genes were detectable in clinical samples from NPC patients \[[@CR8]--[@CR10]\]. Recently, we found that EBV reactivation induces genomic instability and enhances tumor progression \[[@CR11], [@CR12]\]. EBV lytic proteins, such as viral DNase, terminase and kinase, also have been shown to have the ability to induce genomic instability via different mechanisms \[[@CR13]--[@CR15]\]. These reports revealed that inhibition of EBV reactivation is beneficial for cancer prevention and therapy \[[@CR16], [@CR17]\]. Several types of compounds also have been developed for the inhibition of EBV reactivation: (i) Nucleoside analogs, which inhibit the EBV lytic cycle by blocking DNA replication, are used extensively in antiviral therapy (e.g. acyclovir, ACV, and ganciclovir, GCV) \[[@CR18]\]. (ii) Non-nucleoside drugs have been developed to block EBV replication (e.g. maribavir) \[[@CR19]\]. (iii) Dietary ingredients, e.g. retinoic acid, epigallocatechin gallate, curcumin and sulforaphane, also have been suggested to have the potential to inhibit the EBV lytic cycle \[[@CR20]--[@CR23]\]. Regarding clinical application, dietary compounds are attractive for the inhibition of EBV reactivation because of their safety and convenience. We screened several dietary compounds to identify those are able to inhibit the EBV lytic cycle and found that apigenin has the ability to inhibit the EBV lytic induction effectively.

Apigenin is a member of the flavonoids, which are present in abundance in common fruits and vegetables \[[@CR24]\]. Apigenin has anti-oxidative, anti-mutagenic, anti-carcinogenic, anti-inflammatory, anti-proliferative and anti-progressional properties \[[@CR24]\]. However, the association between these biological functions and, the anti-viral effect of apigenin is less well understood.

In this study, we found apigenin inhibits EBV reactivation into the lytic cycle and virion production by EBV-positive NPC cells. Moreover, we addressed the question whether apigenin represses the promoter activities of the EBV IE genes, Zta and Rta, to explore the possible mechanism of this inhibitory effect. This study gives new insight into the biological application of apigenin and provides an alternative choice for anti-EBV therapy.

Methods {#Sec2}
=======

Compounds and antibodies {#Sec3}
------------------------

Apigenin and the induction agents, TPA, SB, TSA, SAHA and romidepsin were purchased from Sigma-Aldrich Co. Antibodies used in western blotting and immunofluorescence analysis include anti-EBV Rta 467 (unpublished), anti-BMRF1 (EAD) 88A9 \[[@CR25]\], anti-EBV Zta 4 F10, anti-DNase 311H \[[@CR26]\], and anti-β-actin (Sigma-Aldrich Co.).

Cell lines {#Sec4}
----------

NA and HA cells, are EBV converted cells obtained by co-culture of rAkata cells with TW01 and HONE-1 cells, respectively, and were selected by G418 (Sigma-Aldrich Co) treatment \[[@CR27]\]. All epithelial cell lines were maintained in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10% fetal calf serum (FCS). P3HR1 \[[@CR28]\], an EBV-positive Burkitt's lymphoma cell line, was maintained in RPMI-1640 supplemented with 10% FCS.

Cytotoxicity assay {#Sec5}
------------------

The cytotoxicity of apigenin to each cell line was determined by WST-1 assay (Invitrogen) according to the manufacturer's instructions. The half maximum cytotoxic concentration (CC~50~) for each cell line was the concentration of apigenin which killed 50% of the cells. The results were averaged from at least three independent experiments to calculate the mean and standard deviation.

Western blotting analysis {#Sec6}
-------------------------

Western blotting has been described in our previous report \[[@CR23]\]. Briefly, the samples were subjected to SDS-PAGE and then transferred to Hybond-C membranes (Amersham Biosciences Ltd.). After blocking for 1 h, the membranes were incubated with the antibodies indicated for 24 h at room temperature and then washed three times with washing buffer (10 mM Tris--HCl, pH 8.0, 0.9% NaCl). The blots were then treated with horseradish peroxidase-labelled goat anti-mouse IgG (Amersham Biosciences Ltd., diluted 1:20,000) for 1 h at room temperature. After washing three times, the blots were developed with freshly prepared substrate (Amersham Biosciences Ltd.). The luminescence was detected by a short exposure to x-ray film.

Immunofluorescence staining {#Sec7}
---------------------------

The cells indicated were seeded on cover slides for 24 h and then treated with various concentrations of apigenin for 25 h, or pretreated with apigenin for 1 h followed by TPA (40 ng/ml) and SB (3 mM) treatment for a further 24 h. The cells then fixed with 2% formaldehyde for 10 min and permeabilized with 0.4% Triton X-100 in PBS for a further 5 min. After washing three times, the cells were blocked in 4% FCS in PBS for 30 min. The cells were treated with anti-EAD antibody which was diluted in 1:10 at 37 °C for 1 h. After washing, rhodamine-conjugated goat anti-mouse IgG, diluted 1:100 in 4% FCS-PBS was added. After incubation with secondary antibody at 37 °C for 1 h, the cells were washed and observed by fluorescence microscopy. The nuclei were visualized by DAPI (Sigma-Aldrich Co) staining.

Determination of the copy number of the viral genome {#Sec8}
----------------------------------------------------

The procedures for determination of viral genome copy numbers were derived from a published paper \[[@CR23]\]. Briefly, EBV-positive NPC NA cells (1 × 10^6^ cells/well) were incubated with TPA (40 ng/ml) and SB (3 mM) for 48 h after pre-treatment of apigenin for 1 h. The supernatants were harvested and filtered through a 0.45 μM filter, then each sample was incubated with DNase I and 10× DNase I buffer (10 mM Tris--HCl, 2.5 mM MgCl~2,~ 0.5 mM CaCl~2~,and pH 7.6) at 37 °C for 60 min, then 2 mM EDTA (pH 8.0) was added to inhibit DNase I activity. Each sample was then treated with 0.1 mg/ml proteinase K (1:1 \[vol/vol\]) at 50 °C for 60 min and the reactions were stopped at 75 °C for 20 min. Subsequently, each sample and standards (1 μl, see the description below) were examined for the BALF5 sequence (sense: 5′-CGGAGTTGTTATCAAAGAGGC-3′; antisense: 5′-CGAGAAAGACGGAGATGGC-3′), the DNA polymerase of EBV, by real-time quantitative PCR (qPCR) amplification \[[@CR29]\]. The qPCR conditions were: 5 s denaturation at 95 °C, 20 s annealing at 60 °C and 2 s extension of primers at 72 °C for 45 cycles. The specificity of the PCR reaction was monitored by melting curve analysis (65--95 °C, 0.1 °C/s) in the LightCycler 480 (Roche Applied Science). The results from three independent experiments were used to calculate the mean and standard deviation.

Plasmid constructions {#Sec9}
---------------------

The 5′-serial-deleted mutants of Zp were reported previously \[[@CR30]\]. The mutants of each domain of Zp were constructed by means of PCR-based site-directed mutagenesis. The primers used referred to the following reports: mZIIIA (forward 5′-TAGAAACTATGCA[GAATTC]{.ul}ACAGGCATTGCTAA) \[[@CR31]\]; mZIIIB (forward 5′-ATGAGCCACAGG[ATCC]{.ul}GCTAATGTACCTC) \[[@CR31]\]; mZ1D-1 (forward 5′-ATGTACCTCATAGACA[ATA]{.ul}CTAAATTTAGCACGTC) \[[@CR30]\]; mZ1D-2 (forward 5′-TCATAGACACACC[GCC]{.ul}ATTTAGCACGTCC) \[[@CR30]\]; mZII-1 (forward 5′-CACGTCCCAAAC[GAATT]{.ul}CATCACAGAGGA) \[[@CR32]\]; ZII-2 (forward 5′-CAAACCATGACAT[GGATCC]{.ul}GGAGGCTGGTG) \[[@CR32]\].

Transfection and luciferase reporter activity analysis {#Sec10}
------------------------------------------------------

The construction of the Zp and Rp reporter plasmids was described in a previous report \[[@CR23]\]. Transfection procedure was carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. For Zp or Rp activation by TPA + SB, plasmid Zp or Rp was first transfected into NA and parental TW01 cells. After 3 h transfection, apigenin was added or not for pre-treatment for 1 h, and then TPA (40 ng/ml) and SB (3 mM) were added to induce EBV into the lytic cycle. For transfection of Zta-expressing plasmid plus Zp or Rp, Rta-expression plasmid plus Zp or Rp, cells (2 × 10^5^ cells/well) were seeded 24 h before transfection. Plasmid mixtures were transfected using the procedures described above. After induction for 24 h, cells were lysed in HEPES lysis solution and the lysates were subjected to luciferase activity assay (Promega). Each lysate sample was quantified for the expression of β-actin to control for variation in the amount of each sample (data not shown). For analysis of the activities of the Zp mutants, by comparison with mock treatment (M) of the vector control (V), for which the activity was set to 1, the relative activities are indicated as N fold induction over the activity of the vector control. The fold of inhibition is the induction folds of the TPA + SB plus apigenin (TS + A20 and TS + A50) groups compared to that of the TPA + SB (TS) group. The mean and standard deviation of each sample were calculated from at least two independent experiments in duplicate.

Results {#Sec11}
=======

The cytotoxicity of apigenin to epithelial cells {#Sec12}
------------------------------------------------

Apigenin, which is known as 4', 5, 7,-trihydroxyflavone (Figure [1a](#Fig1){ref-type="fig"}), is a flavonoid of the flavone structural type. In order to rule out the interference of toxic effects of apigenin treatment of the cells, we first tried to determine the cytotoxicity of apigenin to NPC cells. Two EBV-positive cell lines, NA and HA, were tested by WST-1 assay for susceptibility to apigenin cytotoxicity after 24 h and 48 h treatments. As shown in Figure [1b](#Fig1){ref-type="fig"}, apigenin had almost no effect on NA cells after 24 h, and had low cytotoxicity after 48 h. To the other NPC cells line, HA, apigenin also showed little cytotoxicity after 24 h, however, it had significant cytotoxicity with 20 \~ 100 μM for 48 h (Figure [1c](#Fig1){ref-type="fig"}). The cytotoxicity of apigenin to the B cell line P3HR1 was also determined (Figure [1d](#Fig1){ref-type="fig"}). To evaluate these data more precisely, the values of half maximum of cytotoxicity concentration 50 (CC~50~) were calculated and are shown at the top of Figures [1b to d](#Fig1){ref-type="fig"}. The CC~50~ values of all three cell lines for 24 h were greater than 200 μM, while the values for 48 h treatment of NA, HA and P3HR1 were 148, 69 and 158 μM (Figures [1b to d](#Fig1){ref-type="fig"}), respectively. To determine the cytotoxicity of the combination of apigenin and TPA + SB, NA, HA and P3HR1 cell lines were pre-treated with various concentrations of apigenin for 1 h and then TPA + SB were added. After 24 and 48 h incubation, the cells were subjected to WST-1 assay. The results indicated that apigenin combined with TPA + SB treatment did not cause severe cytotoxicity to the three cell lines (Additional file [1](#MOESM1){ref-type="media"}). Taken together, we determined that the CC~50~ values of apigenin are 200 to 295 μM and 69 to 158 μM for 24 and 48 h, respectively, which is similar to the effect on other cancer cells \[[@CR33]\]. Thus we chose 1 \~ 50 μM as our working concentrations for further studies.Fig. 1The cytotoxicity of apigenin to epithelial cells. (**a**) The chemical structure of apigenin. (**b**) NA, (**c**) HA and (**d**) P3HR1 cell lines were treated with apigenin for 24 h. Cell viability was determined by WST-1 assay, as described in [Methods](#Sec2){ref-type="sec"}. The values are means ± SD from at least two separate experiments. CC~50~ values also were calculated and are given at the top of each group

Inhibition of expression of the EBV lytic proteins by apigenin {#Sec13}
--------------------------------------------------------------

We next sought to determine whether apigenin has the ability to induce or inhibit EBV reactivation. Two EBV positive-NPC cell lines, NA and HA, were used for these experiments. After EBV reactivation, the immediate-early genes Zta and Rta are expressed, followed by numerous early and late proteins and, subsequently, the release of infectious virions. To determine whether apigenin can induce EBV reactivation, NA cells were treated with apigenin for 24 h and cell lysates were collected for the detection of EBV lytic proteins Zta, Rta, EAD and DNase by western blot analysis. As shown in the left panel of Figure [2a](#Fig2){ref-type="fig"}, apigenin did not induce any lytic protein expression in NA cells, suggesting apigenin cannot induce EBV reactivation. Next, we tried to determine whether apigenin inhibits EBV reactivation in NPC cells. For NPC cells, TPA + SB treatment is an effective way to activate EBV into the lytic stage and induce lytic protein expression \[[@CR27]\]. Moreover, to achieve greater efficiency of apigenin treatment, plated cells were pre-treated with apigenin for 1 h prior to treatment with TPA (40 ng/ml) and SB (3 mM). After a further 24 h incubation, cell extracts were collected for detection of lytic proteins by western blot analysis. For the NA cells, the result showed that EBV could express lytic proteins normally, however, protein expression was gradually repressed following apigenin treatment, showing that apigenin has the ability to inhibit EBV reactivation (right panel, Figure [2a](#Fig2){ref-type="fig"}). To avoid the possibility of cell specificity, we used another EBV-positive NPC cell line, HA, to determine whether EBV reactivation can be inhibited by apigenin treatment. The result shown in Figure [2b](#Fig2){ref-type="fig"} reveals that administration of apigenin inhibited EBV lytic reactivation with a dose-dependent tendency in HA cells. The expression of lytic proteins was almost completely blocked with 20 and 50 μM apigenin treatment, suggesting a significant inhibitory effect (Figure [2b](#Fig2){ref-type="fig"}). In addition, because B cells constitute another natural host cell type of EBV, we investigated whether apigenin can inhibit EBV reactivation in B cells. The EBV-positive Burkitts' lymphoma cell line P3HR1 was tested using the procedure described above. As shown in Figure [2c](#Fig2){ref-type="fig"}, apigenin treatment also inhibited EBV lytic protein in P3HR1 cells. These results revealed that apigenin has the capability to inhibit EBV lytic protein expression, no matter whether in epithelial or B cells.Fig. 2Apigenin inhibits the expression of EBV lytic proteins in EBV-positive Cells. (**a**) Epithelial NA cells were tested to detect the expression of EBV lytic proteins. Left panel: for detection of enhancement of reactivation, various concentrations of apigenin were added to the cells for 25 h, and then cell lysates were collected for western blotting. Right panel: for detection of inhibition of reactivation, the cells were pre-treated with apigenin for 1 h, then TPA + SB co-treatment was used for EBV induction. After 24 h of incubation, the cell lysates were analyzed by western blotting with antibodies against EBV Zta, Rta, EAD, DNase and β-actin. (**b**) Epithelial HA cells and (**c**) Burkitt's lymphoma P3HR1 cells were tested for detection of inhibition of EBV reactivation using a similar procedure

Immunofluorescence analysis of inhibition of the EBV lytic cycle by apigenin treatment {#Sec14}
--------------------------------------------------------------------------------------

Next, to confirm the inhibitory effect of apigenin, we examined the induction or inhibition of EBV lytic reactivation by detecting EAD expression using immunofluorescence analysis without or with TPA + SB induction. NA and HA cells were incubated with various concentrations of apigenin for 25 h. The results were that apigenin cannot induce EAD expression in NA and HA cells (Figure [3a and b](#Fig3){ref-type="fig"}, upper panels). For detection of inhibition of EBV reactivation, NA and HA cells were pre-treated with various concentrations of apigenin for 1 h, then EBV was activated by adding TPA + SB. After a further 24 h incubation, the immunofluorescence results revealed that the number of EAD-expressing cells decreased gradually with treatment of NA cells with increasing concentrations of apigenin (Figure [3a](#Fig3){ref-type="fig"}, lower panel). Apigenin repressed the numbers of EAD-expressing NA cells significantly at 10 μM, and blocked EAD expression completely at 20 \~ 50 μM. A similar result was observed for HA cells (Figure [3b](#Fig3){ref-type="fig"}, lower panel). Apigenin inhibited the numbers of EAD-expressing HA cells gradually in a dose-dependent manner (Figure [3b](#Fig3){ref-type="fig"}, lower panel). To analyze this inhibitory effect in more detail, we quantified the numbers of cells expressing EAD. As shown in Figure [3c](#Fig3){ref-type="fig"}, the numbers of EAD-expressing cells decreased gradually with apigenin treatment (Figure [3c](#Fig3){ref-type="fig"}). Taken together, the results of western blotting and immunofluorescence analysis, we conclude that apigenin can repress EBV lytic protein expressions, suggesting it has the ability to inhibit EBV reactivation.Fig. 3Apigenin decreases the populations of EAD-expressing cells, detected by immunofluorescence analysis NA (**a**) and HA (**b**) cells were processed for immunofluorescence analysis (IFA). For detection of inhibition of reactivation, the cells were pre-treated with various concentrations of apigenin for 1 h, then TPA + SB were added for EBV induction. After 24 h of incubation, the cells were analyzed by IFA with antibody against EBV EAD. (**c**) The percentages of EAD-expressing cells in each sample were calculated. The values are means ± SD from three separate experiments

Inhibition of EBV virion production by apigenin {#Sec15}
-----------------------------------------------

We have already shown that apigenin blocks the expression of EBV lytic proteins. A further question was whether apigenin can inhibit the EBV lytic cycle completely. NA cells were pre-treated with apigenin for 1 h, then TPA + SB was added. After incubation for 48 h, the supernatants were collected to measure the amounts of EBV virions. As shown in Figure [4](#Fig4){ref-type="fig"}, the production of EBV virions decreased gradually with increasing apigenin treatment. EBV virion production decreased significantly following treatment with 10 μM apigenin and was eliminated almost completely with 20 and 50 μM apigenin after induction (Figure [4](#Fig4){ref-type="fig"}). This result suggests that apigenin can inhibit not only EBV lytic protein expression but also virion production.Fig. 4Apigenin inhibits virion production. After EBV reactivation, culture media containing released EBV particles were collected for qPCR analysis to detect the amount of EBV DNA in released EBV particles, as described in [Methods](#Sec2){ref-type="sec"}. The relative EBV copy numbers were calculated. These are expressed as the relative folds to mock control. The values are means ± SD from three separate experiments

Apigenin represses Zp and Rp activities following TPA + SB treatment and Zta/Rta induction {#Sec16}
------------------------------------------------------------------------------------------

Zta and Rta are the two most important proteins that initiate the EBV lytic stage. To investigate further the inhibitory mechanism of action of apigenin, we sought to determine whether apigenin affects Zta and Rta promoter activities (Zp and Rp) under different stimuli. For chemical induction, luciferase reporters containing Zp and Rp were transfected into NA cells for 3 h. The cells were pre-treated with various amounts of apigenin for 1 h, TPA + SB were added for a further 24 h to induce EBV reactivation. Luciferase activity was determined subsequently as described in Materials and Methods. As expected, for the positive control, the luciferase activities of Zp and Rp both increased significantly after TPA + SB induction, compared to the mock-transfected control (Figure [5a](#Fig5){ref-type="fig"}, 0 μM). Meanwhile, the luciferase activities of Zp and Rp were gradually repressed by increasing concentrations of apigenin (Figure [5a](#Fig5){ref-type="fig"}). Co-treatment with TPA + SB and 50 μM apigenin reduced the activities of Zp and Rp to the mock-transfected control level. The result of NA cells transfected with the empty vector PGL2 showed that all values were at background levels (Figure [5a](#Fig5){ref-type="fig"}).Fig. 5Apigenin represses Zp and Rp activities under different inductions. (**a**) Control plasmid PGL2, Zp, or Rp was transfected into NA cells. After 3 \~ 4 h of transfection, apigenin was added or not for pre-treatment for 1 h, and then TPA + SB were used to induce EBV into the lytic cycle. After induction for a further 24 h, lysates were collected for measurement of luciferase activity. Zp or Rp were co-transfected with (**b**) Zta-expressing and (**c**) Rta-expressing plasmids into NA cells for 3 h, then apigenin was added. After 24 h of transfection, luciferase activity was detected in the cell lysates. (**d**) Zp or Rp plasmid was transfected into TW01 cells. After 3 \~ 4 h of transfection, apigenin was added or not for pre-treatment for 1 h, and then TPA + SB was used to induce EBV reactivation. After induction for 24 h, cells lysates were produced for measurement of luciferase activity. Zp or Rp were co-transfected into TW01 cells with (**e**) Zta-expressing or (**f**) Rta-expressing plasmids. After 24 h of transfection, luciferase activity was detected in the cell lysates. The mean and standard deviation of each sample were calculated based on duplicates from three independent experiments

In addition to inhibiting the induction by chemicals, we tried to use another method of EBV induction to elucidate further the possible mechanism by which apigenin inhibits the EBV lytic cycle. Because the Zta response element (ZRE) and Rta response element (RRE) are present within Zp and Rp, respectively, Zp and Rp have been reported to be transactivated by the Zta and Rta proteins \[[@CR34]\]. Therefore, Zta- and Rta-expressing plasmids were cotransfected with Zp or Rp into NA cells for 3 h, followed by apigenin treatment for 24 h. As expected, Zta expression in NA cells induced the promoter activities of Zp and Rp without apigenin treatment (Figure [5b](#Fig5){ref-type="fig"}, Zp & Rp, 0 μM). After co-treatment with apigenin, the promoter activities of Zp and Rp were reduced in a dose-dependent manner (Figure [5b](#Fig5){ref-type="fig"}, Zp & Rp). In addition, Rta expression also induced Zp and Rp activities, however, these were repressed by apigenin treatment, compared to that of the control reporter PGL2 (Figure [5c](#Fig5){ref-type="fig"}). In addition, more inducers were tested to confirm these phenomena. The results indicated that apigenin also inhibits Zp activity in a dose-dependent manner following induction by various HDAC inhibitors \[[@CR35], [@CR36]\] (**Additional file** [2](#MOESM2){ref-type="media"}).

To avoid the effect of EBV activity in NA cells, we used the parental TW01 cells to detect the inhibitory effects of apigenin, in a similar manner to that described above. As shown in Figure [5d](#Fig5){ref-type="fig"}, TPA + SB treatment induced Zp and Rp significantly and this increase was inhibited by addition of apigenin. Similarly, increased Zp and Rp activities induced by Zta and Rta expression also were repressed by apigenin treatment of TW01 cells (Figures [5e and f](#Fig5){ref-type="fig"}).

Taken together, these results indicated that apigenin inhibits the EBV lytic cycle initiation by repressing IE promoter activities, stimulated by various inducers.

The ZIIIA/B, Z1D and ZII elements of Zp are important in inhibition of apigenin {#Sec17}
-------------------------------------------------------------------------------

Because Zta is the first gene expressed after initiation of the EBV lytic cycle, we tried to determine what elements of Zp are essential for apigenin inhibition. For this purpose, we mapped the response domains of Zp required for apigenin inhibition. A series of 5'-deletion Zp constructs spanning from −221 to +12 region of Zp was transfected into TW01 cells for 3 h (Figure [6a](#Fig6){ref-type="fig"}, left panel). The cells were then pre-treated with 20 and 50 μM apigenin for 1 h, then TPA + SB was added. After treatment with TPA + SB for a further 24 h, the cell extracts were collected subsequently for detection of luciferase activity. For the TPA + SB - treated group (TS), the activities of serial deletion constructs from −221 to −134 were not affected, while deletion construct Zp-99 abolished a half of the Zp-221 activity, moreover, Zp-80 and Zp-51 retained little activity compared to vector control with mock treatment (Figure [6a](#Fig6){ref-type="fig"}, right panel). In addition, treatment with 20 and 50 μM apigenin repressed Zp activity in constructs Zp-221 to Zp-134 (Figure [6a](#Fig6){ref-type="fig"}, right panel), which showed a similar inhibition fold compared to that of each individual TS group (Figure [6a](#Fig6){ref-type="fig"}, right panel). However, the inhibition was gradually compromised in the Zp-99 to Zp-51 constructs (Figure [6a](#Fig6){ref-type="fig"}, right panel), suggesting the responsive element for apigenin inhibition of Zp induction is within the region −134 to −51.Fig. 6Identification of the response element of Zp required for apigenin inhibition of EBV. (**a**) A schematic diagram of the −221 to +1 region of Zp that drives the luciferase gene in the reporter plasmid (left panel). For the analysis of activities of Zp deletion mutants in response to apigenin plus TPA + SB induction. TW01 cells were transfected with these deletion mutants. Three hours after transfection, the cells were pre-treated with apigenin for 1 h and TPA + SB were added to activate EBV (right panel). The relative luciferase activities were calculated as described in Methods. (**b**) A schematic diagram of the indicated domain structure and cellular factor binding sites on Zp (−221 to +1). The relevant mutated sites are indicated by black triangle (▲) on the diagram (upper panel). For analysis of luciferase activities of Zp mutants upon apigenin plus TPA + SB treatment, TW01 cells were transfected with the mutants indicated for 3 h and pre-treated with apigenin, then TPA + SB were added for 24 h to activate EBV (lower panel). The luciferase activities were detected and were calculated as described in Methods. The mean and standard deviation of each sample were calculated in duplicate from at least two independent experiments

There are three major domains located within the region −134 to −51, ZIIIA/B, Z1D and ZII (Figure [6a](#Fig6){ref-type="fig"}, left panel). ZIIIA/B is a regulatory region of Zp containing several Zta-binding-elements (ZREs). Z1D is an important domain involving Sp1/Sp3 and MEF2D regulation. The ZII region has been found to be an essential element for Zp activation and contains several transcriptional factor binding sites, including ATF-1, ATF-2 and CREB. To determine which regulatory factor was important for apigenin, various mutants of Zp were generated within the ZIIIA, ZIIIB, Z1D and ZII domains for luciferase analysis. TW01 cells were transfected with vector control (pGL2) wild-type Zp (Zp-221) and six mutants (mZIIIA, mZIIIB, mZ1D-1, mZ1D-2, ZII-1 and ZII-2). As shown in Figure [6b](#Fig6){ref-type="fig"}, the inhibition of Zp activity caused by apigenin was compromised significantly for mZIIIA, mZIIIB, mZ1D-1, mZII-1 and mZII-2, while activity of mZ1D-2 maintained the similar level as the wild-type control (upper and lower panels).

In summary, the ZIIIA/B, Z1D and ZII elements of Zp are important for Zp inhibition by apigenin, suggesting that the corresponding transcription factors may participate in Zp inhibition by apigenin.

Discussion {#Sec18}
==========

EBV infection is prevalent worldwide and has been strongly associated with several human malignancies. Exploring new drugs with greater efficacy and less cytotoxicity is an important approach to conquering this threat. For this purpose, apigenin was identified by screening and we found it to have an effective inhibitory effect against EBV reactivation. Apigenin exerted great inhibition of EBV lytic protein expression, not only in epithelial cells but also in B cells (Figures [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}). It also repressed the numbers of EBV-reactivating cells (Figure [3](#Fig3){ref-type="fig"}) and inhibited EBV production (Figure [4](#Fig4){ref-type="fig"}). Further study indicated that apigenin repressed the promoter activities of two IE genes, Zp and Rp, following chemical and Zta/Rta induction (Figures [5](#Fig5){ref-type="fig"}). To determine which elements of Zp were important for inhibition, we demonstrated that the ZIIIA/B, Z1D and ZII domains were involved in Zp inhibition by apigenin. These results demonstrate apigenin can inhibit EBV reactivation by repressing the promoter activities of two IE genes.

Anti-EBV compounds can be divided into two major categories: (1) those that interfere with virus-encoded enzymes important for virus production, e.g. ACV, GCV and BAY 57--1293 \[[@CR37]\], and (2) those that interfere with the cellular processes required for virus production, e.g. the CDK inhibitor roscovitine \[[@CR38]\]. The compounds belonging to the former category target selectively a specific enzyme and several disadvantages have emerged, such as viral resistance and a narrow spectrum. To avoid this limitation, compounds targeting cellular signaling pathways were developed as new anti-EBV drugs. As a large family of natural compounds, the flavonoids have been less well studied for their anti-virus functions. Among them, apigenin was reported to inhibit enterovirus-71 infection by disrupting viral RNA associated factors \[[@CR39]\] and it also inhibits hepatitis C virus replication by decreasing microRNA122 \[[@CR40]\] and restricts FMDV infection by inhibiting viral translational activity \[[@CR41]\]. Moreover, although several flavonoids have been reported to have anti-EBV activity, these studies did not explore their inhibitory mechanisms and most such studies were made using the B cell system \[[@CR42], [@CR43]\].

Compared with conventional agents, as an anti-viral agent, apigenin has disadvantages such as lower specificity; however, it has many other attractive benefits, such as low cost, availability, safety and convenience. In addition to apigenin, curcumin has been shown to have an inhibitory effect on Zp to block the EBV lytic cycle in B cells \[[@CR22]\]. Using a reporter assay, retinoic acid was also found to have potent anti-EBV activity \[[@CR20]\]. Compared to some other natural compounds affecting only Zp \[[@CR22]\] or Rp \[[@CR44]\], apigenin is able to interfere with both Zp and Rp activities, suggesting it may have a broader spectrum for application.

Because Zp is the first promoter to be activated during the EBV lytic cycle, how apigenin inhibits Zp is a key issue for further study and application. There are eight domains located within Zp, and various cellular factors are involved in these domains. Among them, ZIIIA/B, Z1D, and ZII may play regulatory roles in apigenin inhibition (Figure [6](#Fig6){ref-type="fig"}). ZIIIA and ZIIIB have several Zta-binding motifs in these regions, and are responsible for TPA-induced Zp activation \[[@CR31]\]. For Z1D, binding domains of Sp1/Sp3 and MEF2D have been identified in this region and their binding has also been shown to play important roles in EBV induction \[[@CR30], [@CR45]--[@CR47]\]. For the ZII region, it was found that cellular proteins ATF-1/2 are predominant factors for Zp activation in this region, and the CREB/AP-1 family proteins are involved in it as well \[[@CR32]\]. Based on our finding, Zp inhibition by apigenin may be through interacting with Sp1/3, ATF-1/2 and CREB (Figure [6](#Fig6){ref-type="fig"}). After reviewing the literature, flavonoids have been found to have abilities to suppress Sp1 activity \[[@CR48]\], interact with ATF-1/2 \[[@CR49]--[@CR51]\] and change the phosphorylation status of CREB \[[@CR52]\]. From our results, we can postulate reasonably that apigenin inhibits Zp induction likely through a complex process, which may involve a combination of the Sp1/Sp3, ATF-1/2 and CREB pathways.

Another two possible mechanisms of apigenin inhibition are blockage of the src, MAPK/p38 kinase pathway and ROS generation. Cellular signaling pathways such as protein kinase C, src or p38 kinase are necessary for EBV reactivation \[[@CR53], [@CR54]\]. Recently, we found that ROS plays a crucial role in EBV reactivation following N-methyl-N\'-nitro-N-nitrosoguanidine (MNNG) treatment \[[@CR55]\]. Apigenin can block the src, PKC and p38 signaling pathways \[[@CR56], [@CR57]\]. It is also shown to be a strong ROS scavenger \[[@CR58]\]. It is reasonable to propose that apigenin acts to inhibit EBV reactivation through some of these mechanisms. Further studies are in progress.

Development of cancer treatments to improve survival and the quality of life of cancer patients is an important issue, especially during the past three decades. The major treatments for cancer include chemotherapy, surgery, radiation and immunotherapy. Recently, the concept, so-called "antimicrobial adjuvant therapy", has been proposed to treat virus-related malignancies. For treatment of EBV-associated cancer, induction-lytic or anti-EBV strategies are studied for the treatment of EBV-related malignancies. The former strategy is more effective on regression of tumors, however, the escaping tumor cells may become more malignant because the expression of EBV lytic proteins in an abortive lytic state can cause genome instability and then increased tumorigenesis. In addition, although an anti-EBV strategy is weak on tumor remission, the patients have less risk from escaping EBV-lytic cells. In other words, the anti-EBV strategy is more suitable for prevention. In recent years, the concept of chemoprevention has been growing rapidly in oncology. This focuses on the prevention of cancer using natural or synthetic compounds. Apigenin is a natural plant flavone and it was first shown to have chemopreventive properties by Birt et al. \[[@CR59]\]. Until now, apigenin has been found to have several anti-cancer functions: anti-oxidant, anti-mutagenic, anti-proliferative, anti-carcinogenic and anti-progression properties \[[@CR24]\]. We believe that through these anti-cancer properties, combined with the anti-EBV effect, apigenin will provide a more profound benefit in chemoprevention and therapy of EBV-related malignancies.

Compared to the numerous studies focused on anticancer and antioxidation, the antiviral activities of apigenin have been less well studied. In fact, there are some studies suggesting that apigenin has anti-viral activity against other viruses \[[@CR40], [@CR60]\]. It is worthy of further study further to determine whether apigenin has an inhibitory effect on various other families of viruses.

Conclusion {#Sec19}
==========

In this study, we found that the flavonoid apigenin inhibits EBV reactivation by repressing EBV IE promoter Zp and Rp activities. This finding may provide useful information for drug development and apigenin may be an alternative choice for therapy and prevention of EBV-related malignancies.

Additional files {#Sec20}
================

Additional file 1:The cytotoxicity of apigenin plus TPA + SB to epithelial cells and B cells (a) NA, (b) HA and (c) P3HR1 cell lines were pre-treated with apigenin for 1 h and then TPA + SB were added for 24 h. Cell viability was determined by WST-1 assay, as described in [Methods](#Sec2){ref-type="sec"}. The values are means ± SD from at least two separate experiments. CC~50~ values also were calculated and are given at the top of each group. (TIF 146 kb) Additional file 2:Apigenin represses Zp activity upon HDACi induction Control plasmid PGL2 or Zp was transfected into NA cells. Three hours after of transfection, apigenin was added or not for pre-treatment for 1 h and then various HDAC inhibitors, including (a) SB (3 mM); (b) TSA (5 μM) \[[@CR30]\]; (c) SAHA (10 μM) \[[@CR35]\] and (d) romidepsin (10 nM) \[[@CR36]\], were used to induce EBV into the lytic cycle. After induction for a further 24 h, lysates were collected for measurement of luciferase activity. The mean and standard deviation of each sample were calculated in duplicate from at least two independent experiments. (TIF 100 kb)

ACV

:   Acyclovir

BL

:   Burkitt's lymphoma

CC~50~

:   Cytotoxicity concentration

GCV

:   Ganciclovir

IE proteins

:   Immediate early protein

MNNG

:   N-methyl-N'-nitro-N-nitrosoguanidine

NPC

:   Nasopharyngeal carcinoma

SB

:   Sodium butyrate

TPA

:   12-o-tetradecanoyl-phorbol-1,3-acetate
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